A reliable fabrication process of non-silica glasses is required to suppress crystallization. The crystallization behavior of zinctellurite (ZnO-TeO 2 ) glass at different rates of heating and cooling were studied by an in situ high-temperature X-ray diffractometer (a rapid measurement system) and differential thermal analysis (DTA). The DTA results compared with the X-ray diffraction data resulted in crystallization and phase relations, during heating and cooling, of the glass. During the heating process, α-TeO 2 and ZnTeO 3 were found to crystallize first, followed by the crystallization of Zn 2 Te 3 O 8 . While during the cooling process from melt, α-TeO 2 was found to crystallize first, followed by the crystallization of Zn 2 Te 3 O 8 . The present study results in reliable data of the crystallization process and presents a possibility of an approach to make accurate T-T-T diagram which can show the crystallization tendency.
Introduction
For optical communication systems, non-silica glasses exhibit desirable properties, which are not found in silica glass. In particular, tellurite glasses are a promising host material for wide band optical fiber amplifiers 1) and for second harmonic generation.
2) Todoroki and Nukui 3) have developed a new approach to introduce molten zinctellurite (ZnO-TeO 2 ) core into a Pyrex cladding glass tube. This enabled a few steps of the fabrication process of a wave guide to be omitted. However a problem still remains. Non-silica glasses, in general, crystallize easier than silica glass. The ZnO-TeO 2 glass system exhibits the same tendency. During the fabrication of zinctellurite glass-preform, it is necessary to accurately control the process in order to suppress crystallization. Almost all past studies of the ZnO-TeO 2 glass system were concerned with glass formation and structure-property. [4] [5] [6] Recently, Nukui et al. 7) reported the thermal behavior, including crystallization, of the ZnO-TeO 2 glass system. Unfortunately, there is a lack of data in the literature.
In order to understand how to suppress crystallization during the fabrication process of non-silica glasses, the thermal behavior of ZnO-TeO 2 glass was studied using an in situ high-temperature X-ray diffractometer (a rapid measurement system) and differential thermal analysis (DTA). In situ observations are useful in directly obtaining data of thermal behavior. 8) Furthermore, the X-ray system can be used to produce rapid measurements, and thus, direct comparison can be made with DTA results, with respect to structural changes and thermal reactions. The crystallization behavior of the 20ZnO·80TeO 2 glass will be discussed in terms of the Temperature-Time-Transfer (T-T-T) diagram.
Experimental
The composition of 20ZnO·80TeO 2 glass was used and the samples were prepared by melting stoichiometric mixtures of * Present address: Ohara Inc., Sagamihara 229-1186, Japan.
analytic grade reagents of TeO 2 and ZnO. Powder-type glass samples were used for X-ray and DTA measurements. DTA traces were recorded for heating and cooling rates at 5, 10 and 15 Kmin −1 . A Seeman-Bohlin geometry, which is a Xray optical system, was adopted for the rapid measurement. The structural change in the specimen was observed using a high-temperature X-ray diffractometer equipped with a furnace and a position sensitive detector (PSD). The PSD was separated into 2048 channels, which corresponded to 0.06
• in 2θ per channel, using a multichannel analyzer. The heating and cooling rates of 5, 10 and 15 Kmin −1 were also adopted. X-ray diffraction patterns at each temperature step were obtained over a wide range of diffraction angles (20
• -130
• in 2θ ), for a short measurement times from 45 to 60 seconds.
Results

Thermal reaction
DTA measurements of the powder samples of 20ZnO· 80TeO 2 glass from room temperature to 1073 K and subsequent cooling from melting point to 473 K, at heating and cooling rates of 5, 10 and 15 Kmin −1 is shown in Figs. 1(a), (b) and (c), respectively. At elevated temperatures, the first common endothermic reactions found in the DTA curves taken at the three different heating rates in the temperature range from 590 to 673 K are attributed to a glass transition. After the glass transition each DTA curve exhibits two exothermic peaks and one endothermic peak. While during the cooling process from a melting point, each DTA result exhibits two exothermic peaks.
Structural changes
X-ray diffraction patterns of the 20ZnO·80TeO 2 glass at elevated temperatures is shown in Fig. 2 (Nukui et al. 7) ) and subsequent cooling to 473 K are shown in Figs. 3(a), (b) and (c), respectively. These results show a section of the diffraction angle from 20
• to 60
• , in the full range of 20
• to 130
• in 2θ . Figure 2 , which is X-ray spectra taken at the rate of 10 Kmin −1 , shows that α-TeO 2 and the small amount of the ZnTeO 3 phases, were obtained at almost the same temperature, 683 K. A ZnTeO 3 phase existed up to approximately Figure 3 (b), which is X-ray spectra taken at the cooling rate of 10 Kmin −1 , shows that an α-TeO 2 phase was found to crystallize first at 863 K, followed by the crystallization of Zn 2 Te 3 O 8 at 853 K. The α-TeO 2 and Zn 2 Te 3 O 8 phases existed till less than 473 K. Peaks corresponding to a ZnTeO 3 phase were observed at around 823 K. X-ray spectra (Fig.  3(c) ) taken at 15 Kmin −1 showed a similar tendency to the structural changes found in that taken at 10 Kmin −1 . Peaks Fig. 3(a) The three DTA curves exhibit common peaks. The first of these common peaks is an exothermic peak. The first common exothermic peaks located at around 695 K correspond to the formation of α-TeO 2 and ZnTeO 3 , which are observed in the X-ray spectra at around 683 K. The second common exothermic peaks observed at around 746 K correspond to the formation of the Zn 2 Te 3 O 8 phase, observed from around 743 K in the X-ray spectra. In addition, the large common endothermic peaks were obtained at around 891 K. The Xray diffraction peaks indicate that the intensity of α-TeO 2 and Zn 2 Te 3 O 8 begins to decrease at a critical temperature, and finally ceases to exist at approximately 913 K. Comparing DTA with X-ray results shows that the common endothermic reactions correspond to the melting of the α-TeO 2 and Zn 2 Te 3 O 8 phases.
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Cooling process
The first common exothermic peaks located at around 863 K correspond to the formation of α-TeO 2 , which are observed in the X-ray spectra at around 873 K. The second common exothermic peaks observed at approximately 853 K correspond to the formation of the Zn 2 Te 3 O 8 phase, observed from around 863 K in the X-ray spectra. Any peak in the DTA curves that corresponds to the ZnTeO 3 phase found in the Xray spectrum, determined at the cooling rate of 10 Kmin −1 , was not observed.
Phase relation
By analyzing the results obtained by the in situ and rapid X-ray measurements at high temperatures, the peaks observed in the three DTA curves could be directly related to the structural changes, including crystallization that occurs during the heating and cooling processes. As a typical example, the DTA curve (10 Kmin −1 ) added the phase changes shown in Fig. 4 . The phase relations in heating and cooling processes obtained by the comparison of the DTA and X-ray results are also shown in Fig. 5 .
The crystallization behaviors of the glass during the heating process and of the melt during the cooling process are different. When the glass crystallizes, the α-TeO 2 and the ZnTeO 3 phases were found to crystallize first, followed by the crystallization of the Zn 2 Te 3 O 8 phase. Nukui et al. 8) reported that the predominant crystallization of the ZnTeO 3 phase from the glass attributes to the inhmogeneity of the glass structure, even though the phase is generally unexpected. While dur- ing the cooling process from the melt, the α-TeO 2 phase was found to crystallize first, followed by the crystallization of the Zn 2 Te 3 O 8 phase. The ZnTeO 3 phase was not observed in the two X-ray spectra taken at the cooling rates of 5 and 15 Kmin −1 but a small amount of a ZnTeO 3 -like phase was observed for the cooling rate of 10 Kmin −1 . Zn is estimated to distribute homogeneously through the bulk of the melt, which leads basically to the stable Zn 2 Te 3 O 8 phase being crystallized at the appropriate condition described above. However, at the same time, the first crystallization of the major component of TeO 2 may affect the formation of the ZnTeO 3 phase observed at the cooling rate of 10 Kmin −1 . The understanding of this phenomenon is a matter of further study.
T-T-T Diagram
Evaluation of the crystallization tendency of glass is required for the accurate control of the fabrication process of optical devices, because the precipitates resulting from the crystallization give rise to scattering of light in the glass device. Uhlmann 9) proposed a kinetic treatment of glass formation that is based on the construction of T-T-T curves corresponding to some barely detectable degree of crystallinity. As a just-detectable concentration of crystals, he adopted to identify a volume fraction of 10 −6 . This T-T-T diagram can be interpreted to give the annealing temperature dependence of the time to precipitate and gives important information of the crystallization tendency. Figure 6 shows the T-T-T diagram of the 20ZnO·80TeO 2 glass sample reported by Todoroki et al., 10) which determined by microscopic obser- vation the degree of crystallinity. The volume fraction is estimated to 10 0 in this case, because crystallites are already grown to a visible size in the order of µm under the microscope. Thus, Todoroki's approach is used as the conventional T-T-T diagram. Table 1 shows the first and second crystallization temperatures, which correspond to the formation of the α-TeO 2 and the Zn 2 Te 3 O 8 phases respectively, obtained using the DTA and the X-ray observations during the cooling process from melt for the different cooling rates. Thus, two kinds of crystallization occur in the near temperature range. Those results added to the T-T-T diagram are shown in Fig. 6 .
Many kinds of methods are available for measuring the volume fraction. Almost all measurements for mass-property such as the viscosity do not distinguish which phases crystallize first. While by applying the present method, the independent T-T-T diagram based on the first and second crystallizations can be obtained. Thus, results of reliable data of the crystallization process presents a possibility of an approach to make accurate T-T-T diagram which can show the crystallization tendency.
Conclusion
To suppress crystallization in the traditional fabrication process of glass devices takes considerable effort are required. In order to streamline the process, greater understanding of the crystallization process is required. The work presented in this study of the observed crystallization behavior and the phase relations of the ZnO-TeO 2 glass at the three different rates of the heating and cooling can be summarized as follows;
(1) Phase relations during the heating and cooling processes in the three different rates of the heating and cooling have been outlined in detail.
(2) During the heating process, α-TeO 2 and ZnTeO 3 were found to crystallize first, followed by the crystallization of Zn 2 Te 3 O 8 . While during the cooling process from melt, α-TeO 2 was found to crystallize first, followed by the crystallization of Zn 2 Te 3 O 8 .
(
3) The present study results in reliable data of the crystallization process and presents a possibility of an approach to make accurate T-T-T diagram.
